AbstrAct
Background Changes in glycosylation of the constant domain (Fc) of monoclonal antibodies (mAbs) enhance antibody-dependent cell-mediated cytotoxicity independently of downstream effects following receptor blockade by the antibody, thus extending their indication. We investigated the safety, pharmacokinetics, pharmacodynamics and antitumour activity of tomuzotuximab, an IgG1 glycoengineered mAb against the epidermal growth factor receptor with enhanced tumour cytotoxicity in a phase I dose-escalation study (NTC01222637). Patients and methods Forty-one patients with advanced solid tumours refractory to standard therapies received tomuzotuximab weekly (12-1370 mg) or two-weekly (990 mg) on a three-plus-three dose escalation design. Results A maximum tolerated dose was not reached. The most frequent treatment-related adverse events were infusion-related reactions in 31 (76%) patients (grade 3, 12%), mainly confined to the first dose, and skin toxicities (grade 1 or 2) in 30 (73%) patients. Hypomagnesaemia was observed in 9 out of 23 evaluable patients (39%). Similar to cetuximab, tomuzotuximab concentrations increased proportionally to dose from doses≥480 mg with a median terminal half life (t½) of 82 hours, range 55-113 hours. Antitumour activity included one complete response ongoing since more than 4.5 years in a patient with non-small-cell lung cancer and one partial response lasting 353 days in a patient with colorectal cancer. Twelve patients achieved stable disease (median, 166 days, range, 71-414 days) and two patients had prolonged control (>1 year) of their non-measurable disease. Conclusion Tomuzotuximab was safe and showed promising antitumour activity in heavily pretreated patients with advanced metastatic disease. A phase IIb trial of chemotherapy and weekly tomuzotuximab or cetuximab followed with maintenance therapy with the corresponding mAb in patients with recurrent or metastatic head and neck squamous cell carcinoma is ongoing. 
What does this study add?
► Tomuzotuximab is an IgG1 glycoengineered mAb of cetuximab with the same binding properties to epidermal growth factor receptor (EGFR) as cetuximab but with enhanced ADCC. ► In this phase I study in patients with solid tumours and progressive advanced disease, it was safe and well tolerated. ► Pharmacokinetics characteristics were similar to those of cetuximab. ► Promising antitumour activity was observed.
How might this impact on clinical practice?
Tomuzotuximab and other glycoengineered mAbs may target a wider population replacing the parent antibody in combination therapies.
treatment of metastatic colorectal cancer (CRC) and head and neck squamous cell carcinoma (HNSCC). 1 2 However, 40% of patients with CRC have tumours expressing mutations in the oncogene KRAS that invalidate the effect of EGFR blockade and do not fully benefit from cetuximab treatment as do patients with tumours expressing KRAS wild-type. 3 Tumour cell killing through antibody-dependent cell-mediated cytotoxicity (ADCC), which relies on the constant (Fc) domain of the antibody engaging natural killer cells, also contributes to the clinical activity of cetuximab, but its efficacy in vivo is influenced by Fc gamma receptor IIIa (FcγRIIIa) polymorphism. [4] [5] [6] Changes in glycosylation of the Fc domain promote ADCC by enhancing FcγRIIIa binding, thus increasing cytotoxicity that is independent of downstream effects following receptor blockade by the antibody. 7 
Tomuzotuximab
(former development name: CetuGEX) is a glycoengineered second generation antibody of cetuximab produced in the human GlycoExpress expression system (Glycotope GmbH, Berlin, Germany). Tomuzotuximab has a fully human glycosylation pattern and is glyco-optimised at its Fc domain to improve its efficacy and reduce it side effects, while fully retaining the affinity, specificity, EGFR inhibition and induction of apoptosis of cetuximab (data on file; Glycotope GmbH). Elimination of fucose leads to a mean ADCC increase of tomuzotuximab compared with cetuximab of 10-50-fold depending on the Fc receptor variant (online supplementary figure S1), while elimination of the α-gal epitope, which can cause severe IgE-mediated hypersensitive reactions to cetuximab, will improve its tolerability (data on file; Glycotope GmbH 8 9 ). We investigated the safety, tolerability, pharmacokinetics (PK) and pharmacodynamics of tomuzotuximab and evaluated its preliminary antitumour activity in patients with advanced solid tumours to define dose and regimen for phase II studies.
PatIents and metHods study design and patients
The study was conducted from 25 August 2010 to 14 November 2013 in five European centres as an openlabel, multicentre, dose-escalating phase I study to investigate the safety and PK, define dose and regimen of subsequent phase II studies and preliminarily evaluate clinical activity of single-agent tomuzotuximab in patients with locally advanced and/or metastatic carcinomas for whom no further standard therapy was available. Patients were required to have measurable or clinically evaluable and progressive disease (see eligibility criteria in online supplementary text). The study was approved by local ethics committees prior to its initiation. dose escalation and tomuzotuximab administration Patients were sequentially enrolled to receive tomuzotuximab (flat doses of 12, 60, 120, 240, 480, 720, 990 and 1370 mg) every week (QW, N 35) and 990 mg tomuzotuximab every 2 weeks (Q2W, N 6) following a three-plusthree dose escalation design and treated at their assigned dose until disease progression, unacceptable toxicity or consent withdrawal. If dose-limiting toxicity (DLT) occurred, treatment was discontinued for that patient and the dose level was expanded to six patients. The maximum tolerated dose (MTD) was reached if more than one patient developed a DLT at any dose level in the first cycle. DLTs were graded according to National Cancer Institute Common Toxicity Criteria for Adverse Events (AE) V.3.0 criteria, 10 and defined as haematological or non-haematological toxicity grade 3 or 4, with the exception of nausea and vomiting.
Tomuzotuximab was administered intravenously under close clinical supervision. Premedication consisted initially of H1/H2 antagonists and glucocorticosteroids, with the addition of paracetamol from dose 120 mg onwards. Infusions were administered initially at 20 mg/hour the first hour, doubling the rate every hour, but rate and mode of administration was adjusted in the course of the study to minimise the risk of infusion-related reaction (IRR). Second infusions were administered over 1-4.5 hours, depending on the dose level, and subsequent infusions were given in 3 hours.
Pharmacokinetics and pharmacodynamics
Serum samples for PK analysis were collected at prespecified time points and quantification of tomuzotuximab in serum was performed at Glycotope GmbH; the lower limit of quantification was 103 ng/mL (see online supplementary text). PK parameters (online supplementary table S1) were computed from the individual serum concentration-time profiles using non-compartmental methods (FUNCALC 3, Prolytic GmbH, Frankfurt, Germany). Dose linearity and proportionality of PK parameters were evaluated by linear regression analysis, and accumulation of tomuzotuximab was assessed by dividing trough concentrations after the second and subsequent doses by the trough concentration after the first dose. Theoretical trough concentration levels (Cmin) required for adequate efficacy of tomuzotuximab were set at 40-50 µg/ mL based on data published for cetuximab, 11 and results of non-clinical studies comparing the ADCC and Fab-mediated effects of cetuximab and tomuzotuximab (online supplementary figure S1, data on file; Glycotope GmbH).
Additionally, antidrug antibodies (ADA), interleukin (IL)-6, IL-8, tumour necrosis factor alpha (TNFα), histamine and eosinophilic cationic protein (ECP) were tested at prespecified time-points.
assessments and evaluation of clinical activity Medical history and demographics were collected at screening and physical examination, vital signs, Eastern Cooperative Oncology Group (ECOG) performance status and haematology/biochemistry were performed at baseline and throughout the study. Tumour response in patients with measurable disease was evaluated according to RECIST 1.1 guidelines. 12 Imaging (CT and/or MRI) was performed within 4 weeks before the first tomuzotuximab dose and then every 8 weeks during the study. Antitumour activity was assessed by measuring the target lesions: stable disease (SD) criteria had to be met a minimum of 8 weeks after study entry, complete response (CR) and partial response (PR) needed confirmation at least 4 weeks after the criteria for response were first met. Duration of response was measured from the time at which criteria were first met for CR and PR until the first date that progressive disease (PD) was objectively documented and duration of SD as the time from the start of treatment until criteria for PD were met. The clinical benefit rate (CBR) was calculated as the proportion of patients with CR, PR or SD.
statistical analysis
Descriptive statistics were used on the intent-to-treat (ITT) population, which included all patients who received at least 1 dose of the study drug, to summarise patient demographics and baseline characteristics, treatment administration, safety parameters, PK variables and anti tumour activity end points (SAS V.9.1). Distribution of parameters was analysed using the Mann-Whitney U test and in contingency tables (IBM SPSS V.24).
Results
Clinical characteristics of the 41 patients in the study are provided in table 1. All patients but one had progressive locoregional or metastatic disease and had exhausted available standard treatment procedures. The most frequent reason for study termination was PD (29 patients, 70.7%), followed by AE and death (5 patients each, 12.2%). One patient did not meet the inclusion criteria and another continued with tomuzotuximab on a named patient use after the study was closed (4.9%).
safety Seven patients (17.1%) died during the study, six due to their underlying disease and one of general physical deterioration eventually leading to death that was assessed by the investigator as possibly related to tomuzotuximab treatment. The drug was withdrawn in one patient because of AE related to the underlying disease and in four patients following an IRR.
Patients in the QW and Q2W dosing scheme received a median of 11 (range: 1-97) and 4 (range: 1-29) doses in the course of the study, respectively. All patients experienced at least one treatment-related AE, the most frequent were IRR and skin toxicity (table 2). IRRs were most frequent with the first infusion (76% of patients), the majority was mild to moderate and all symptoms resolved after medication and/or pausing of the infusion. An IRR grade 3 first observed at the 720 mg dose level and accompanied by an allergic reaction (lip oedema) was rated as a DLT; histamine and ECP serum levels were not elevated. Recovery followed withdrawal of the drug and symptomatic medication. Four and three additional patients were recruited at the same and the previous dose level (480 mg), respectively, and a planned break of 30 min 1 hour after start of infusion, together with a stepwise increase of infusion rate was introduced. Four additional patients experienced a grade 3 IRR; the drug was withdrawn in three cases but continued in the other patient without further complications. The first infusion of dose 1370 mg was administered split over 2 days: 60 mg the first day and 1310 mg the second day over 4.5 hours; IRRs occurred only on the first day. Overall 34 IRRs (4%), all mild to moderate, were observed in the 724 subsequent infusions, 9 of them by the second infusion; 24 (71%) of them occurred in two patients. No further DLTs were observed and the MTD was not reached.
Skin toxicity was observed in 30 patients (73%); none was grade 3 or 4. Infusion was delayed for 7 days due to skin toxicity in five cases, and no dose reductions were required. Hypomagnesaemia levels were corrected with magnesium supplementation and did not interfere with drug administration, except for an infusion delay of 7 days in one patient (table 2). Treatment related mild to moderate diarrhoea and stomatitis was observed only in three (7%) and two (5%) patients, respectively. Pharmacokinetics PK parameters were computed in 37 patients. Non-linear PK evidenced by a dose dependency of terminal half-life and clearance rate was observed for doses lower than 480 mg. Tomuzotuximab exhibited linear PK with respect to dose across the 480-1370 mg dose range, as demonstrated by the dose-proportional increase in area under the curve (AUC 0-tlast ) and maximum drug concentration (Cmax) and a stable t½ and clearance rate (CL) (online supplementary tables S1, figure S2,S3) . For doses≥480 mg, the median (range) of t½ was 82 (55-113) hours. As Figure 1 Concentration-time profiles of repeated weekly infusions of (A) 720 mg and (B) 990 mg tomuzotuximab measured in individual patients before and at the end of infusion. The dotted line indicates the 50 µg/mL trough level. Tomuzotuximab serum levels were above 50 µg/mL 1 week after the second infusion in four out of five patients who received 720 mg and 1 week after the first infusion in all three patients who received 900 mg tomuzotuximab. trough levels (Cmin) were above 50 µg/mL in all patients in the 990 and 1370 mg cohorts after the first infusion ( figure 1 and online supplementary table S1 ), the study was terminated after the 1370 mg dose. The accumulation ratio of Cmin in QW for doses≥480 mg ranged from 1.58 to 2.96 over 4-5 infusions (12 patients); steady state was achieved in 50% of patients.
None of the 35 patients tested before the fourth infusion had ADAs. Thereafter, 3 out of 24 patients developed low to medium ADA titers (1.7-6.2) against tomuzotuximab. The patients had received between 15 and 32 infusions of 12-120 mg of tomuzotuximab.
Pharmacodynamics
The majority of patients responded with a significant increase of IL-6, IL-8 and TNFα levels, which was maximal 2 hours after start of first infusion, was dose-independent and returned to near baseline levels after 24 hours. Modifications in drug administration were associated with significantly lower cytokine levels (online supplementary figure S4 ). Cytokine levels were increased on the first day, but did not differ from preinfusion levels on the second day of infusion with dose 1370 mg (online supplementary figure S5 ). Cytokine levels in subsequent tomuzotuximab infusions did not differ from baseline levels.
Clinical antitumour activity
Thirty-four patients were evaluable for antitumour activity, 31 and 3, respectively, in the weekly and 2-weekly schedule (figure 2). Seven patients were not evaluable: five due to early withdrawal from the study and two because of lack of tumour assessment. In the ITT population, a clinical benefit was observed in 16 out of 41 (39%) patients: One CR, 1 PR, 12 SD and 2 prolonged control of their non-measurable disease. The overall CBR was 41.2% for the 34 evaluable patients. Tumour shrinkage was observed in nine patients (27%), including one patient with CR, one with PR and one with unconfirmed PR (figure 2). Patients with the largest tumour shrinkage and longest disease control received doses of tomuzotuximab ≥240 mg. Nine out of 11 patients with EGFR expression ≥30% experienced clinical benefit (one CR, one PR, six SD and one patient with prolonged clinical improvement). However, only 4 of 22 patients with an EGFR expression <30% achieved SD (Fisher's Exact test, P=0.001).
SD lasted a median of 166 days (range, 71-414 days). Five out of 12 patients (41.7%) achieved SD for more than 180 days, and 2 patients (1370 mg dose) with oesophageal and gastric cancer and no measurable disease achieved prolonged disease control, assessed on non-target lesions, symptoms and biomarkers, lasting 339 and 443 days, respectively. A patient (1370 mg dose) with CRC and previously treated with cetuximab achieved an unconfirmed PR (−32.7%) after 113 days of treatment. Six patients with CRC and SD had previously received cetuximab.
A PR maximal at day 267 (-53.1%) and lasting 353 days was observed in a patient (990 mg dose Q2W) with CRC metastatic to liver, lung and interaortocaval lymph nodes previously treated with five lines of chemotherapy and bevacizumab.
A patient with squamous non-small-cell lung cancer stage IIIB (720 mg dose) is in CR for already 4.5 years. At study entry, the patient had a metastasis to the left hilus that did not respond to docetaxel and was first detected 4 months after primary treatment with combined radiation and chemotherapy. Tumour shrinkage started on day 169 of treatment and the tumour disappeared by day 337. Except for an acne-like rash grade 2, the patient tolerated well long-lasting treatment with tomuzotuximab (5.2 years). Treatment was discontinued in December 2016 following the patient's request. dIsCussIon Tomuzotuximab was safe and well-tolerated after repeated weekly administration and an MTD was not reached after a maximum dose of 1370 mg; ADA responses were negligible. The most frequent drug-related AEs were IRR and skin toxicity, and the majority of them were mild to moderate. Incidence of IRR (76%) was similar to that observed with RG7160 (77%), an anti-EGFR humanised glycoengineered mAb, but, contrary to it, no IRR grade 4 was observed. 13 The incidence of IRR reported for cetuximab is 6%-19%, 14 but is higher with both glycoengineered mAbs and similar to that observed with mAbs that target antigens on cells of the immune system. 15 This may be related to the increased binding of the Fc domain of the glycoengineered antibody to Fcγ receptors on immune cells leading to a higher cytokine release at first infusion. The overall incidence of skin toxicity (73%) was slightly lower than that reported for cetuximab (88%) and RG7160 (80%). All rashes were mild to moderate, whereas 11% and 25% of rashes observed with cetuximab and RG7160, respectively, were grade 3 or 4. 13 16 The incidence of hypomagnesaemia was 39%, similar to cetuximab (35%) and lower than RG7160 (56%). 13 17 PK characteristics of tomuzotuximab were similar to that of cetuximab, 11 18 and adequate trough levels (>50 µg/ mL), also for optimal ADCC, were already provided by a weekly administration of 720 mg.
Clinical benefit was observed in 39% of patients; the best responses were observed with the highest doses, and a significant relationship between higher EGFR expression levels and clinical benefit was observed. The strong ADCC mediated by tomuzotuximab may well be behind its observed promising preliminary clinical activity. Tomuzotuximab is more effective than cetuximab in mediating ADCC against EGFR expressing tumour cells independently of the FcγRIIIa allotype of donor blood mononuclear cells (online supplementary figure S1 ). This is particularly important in view of the fact that less than 20% of the population express the CD16 allotype with high IgG binding affinity, whereas 40% express that of low binding affinity. Furthermore, because the mechanism of action of ADCC is independent of downstream effects of EFGR blockade and is independent of the mutational status of KRAS and BRAF, 19 tomuzotuximab may benefit a wider population than cetuximab. RG7160 also has enhanced ADCC and showed clinical efficacy at high doses in a phase I/II trial, but its development has been discontinued. 7 13 20 Based on the safety, PK and promising preliminary efficacy data of the study, a phase IIb study is ongoing with a loading dose of 990 mg followed by a weekly dose of 720 mg tomuzotuximab or cetuximab combined with chemotherapy and maintenance therapy with the corresponding antibody in patients with recurrent or metastatic HNSCC. open access This is an Open Access article distributed in accordance with the Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which permits others to distribute, remix, adapt, build upon this work non-commercially, and license their derivative works on different terms, provided the original work is properly cited and the use is non-commercial. See: http:// creativecommons. org/ licenses/ by-nc/ 4. 0/
